Monomeric zirconocene dipicolinate complexes, which have a formal IS-electron configuration, are stable towards water and relatively inert against aqueous HO. Methylmagnesium chloride attacks these complexes at the dipicolinate carboxyl groups and subsequent reaction with aqueous HCI gives 2,6-diacetyl pyridine and the zirconocene dichloride. Other dicarboxylates, such as 3,4-dimethoxyfurane-2,5-dicarboxylate or isophthalate, form binuclear zirconocene complexes, in which one bidentate and one monodentate carboxylate ligand generate a formal IS-electron configuration. These complexes react with methylmagnesium chloride to give the respective zirconocene dimethyl complexes, i.e. by normal replacement of (?() bonds by C-CH 3 bonds.
Introduction
Tetracoordinate zirconocene derivatives of the general type CP2ZrX2' which have a formal 16-electron configuration, are quite labile against ligand substitution; halide, carboxylate or aroxylate ligands X are usually quite easily displaced from the zirconium centre, e.g. by alkyl groups from lithium, magnesium or aluminium alkyl reagents (cf. eqn. (1) . While this facile ligand exchange is of great value for many synthetic and catalytic applications, more inert zirconocene derivatives might occasionally be needed. It would thus be of interest to establish in which way different coordination geometries affect the rate and course of ligand substitutions of a zirconocene derivative.
CP2ZrX2 + 2RM ---+ CP2ZrR2 + 2XM
(1) X = Hal, R'COO, ArO RM = CH 3 Li, CH 3 MgCI, (CH3)xAlCI3_x
Decreased susceptibility towards nucleophilic substitution at the Zr centre is expected for pentacoordinate zirconocene derivatives of the general type CP2ZrX2L (L = neutral ligand or chelate ligand atom), which have a formal l8-electron configuration. Some time ago we Correspondence to: Prof. Dr. H.-H. Brintzinger. observed that titanocenes complexed with the tridentate ligand pyridine-2,6-dicarboxylate (dipicolinate, DIPIC) are rather inert towards ligand substitutions [1] . We have now investigated a number of zirconocene dipicolinate and related dicarboxylate complexes in order to ascertain whether the generally more open zirconocene geometry still affords similarly inert species.
Results and discussion

Syntheses and structural characterizations
The zirconocene dipicolinate complexes (CSHS)2Zr (DIPIC) (1) and (CH3CsH4)2Zr(DIPIC) (2) , the tetramethylethano-bridged complex (CH 3)4C 2(C s H 4)2 Zr(DIPIC) (3) and the chiral complexes rac-C 2 H 4 (4,5,6,7-tetrahydro-l-indenyI)2 Zr(DIPIC) (4) and rac-(CH 3)2 Si(2-methyl-4-tbutyl-l-CsH 2)2Zr(DIPIC) (5) were prepared either via the respective dimethylzirconocenes (method A) or from the dichlorozirconocene complexes by treatment with dipicolinic acid and trimethylamine in toluene (method B). With 3,4-dimethoxyfuran-2,5-dicarboxylic acid (DlFUR), either method A or B gave the complexes [(CH3CsH4)2Zr (DlFUR)lz (6) , [(CH3)4C2(CsH4)2Zr(DlFUR)lz (7) and [C2H4 (4, 5, 6 ,7-tetrahydro-1-indeny1)2Zr(DIFUR)]2 (8) , for all of which a dimeric structure is indicated by their mass spectra. A dimer [(CH3CsH4)2Zr(IPHTH)]2 (9) is also formed with isophthalic acid (IPHTH). Compounds 1-9 were characterized by 1 H NMR and mass spectra and elemental analyses.
The crystal structures of the dipicolinate complexes 2 and 4 ( Fig. 1 
• CR(1), CR(2): centroids of lower-and higher-numbered C s rings, respectively. b PU1), PU2): mean planes of lower-and higher-numbered C s rings, respectively. 
248.4(13) Zr(1)-C(10) 251.1(13) Zr(l)-C (13) 248. 
122. Giithner [2] . (While their titanocene analogues tend to rearrange to dimers or polymers [1, 2] , no such tendency is observed for these pentacoordinate zirconocene dipicolinate and oxidiacetate complexes.)
The Zr-O and Zr-N distances of 217-218 and 230-231 pm, respectively, observed in 2 and 4, are comparable to values of 216-222 pm for Zr-O [2] [3] [4] [5] [6] [7] [8] and of 233-240 pm for Zr-N [3] [4] [5] 9] , reported for related pentacoordinate zirconocene complexes. No significant distortion of either the zirconocene or the dipicolinate moieties is apparent from these structures. In 2, the mean plane of the dipicolinate ligand coincides with the zirconocene mid-plane, i.e. with the plane bisecting the centroid-Zr-centroid angle within the error limits; in 4, it deviates from that plane by ca. 10°, probably due to crystal packing effects.
The crystal structure of the furandicarboxylate complex [(CH3)4C2(C5H4)2Zr(DIFUR)h (7) (Fig. 2, Table  2 ) confirms the dimeric nature of this species. The geometry of the furan dicarboxylate ligand appears to preclude its incorporation into a bicyclic, tridentate chelate structure analogous to that of the dipicolinate complexes. A model of such a monomeric complex indicates that Zr-O distances to the lateral 0 atoms would have to be 245-250 pm, i.e. much too long, while the central Zr-O bond, with ca. 200 pm, would be substantially too short compared with, for example, the structure of the stable, monomeric oxidiacetate (OXIDA) zirconocene complex (C5H5)2Zr(OXIDA) [2] .
The structure of 7, which contains one bidentate and one monodentate carboxyl group in 7 is very similar, even in respect of the distribution of individual Zr-O distances, to structures previously reported for other zirconocene dicarboxylate complexes [10, 11] (9) . The overall structure of this complex, as determined by X-ray diffraction (Fig. 2,  Table 2 ), is very similar to that of 7. The Zr 2 (DIFUR)2 and Zr 2(IPHTH)2 cores of these two complexes are both practically planar.
The 1 H NMR spectra of complexes 1-9 (see Experimental section) are as expected from these structures. Noteworthy is the assignment of the a-and ~-protons at the C 5 rings for the tetramethylethano-bridged complexes 3 and 7. Previously, we had observed that 16-electron complexes of the type (CH3)4C2(C5H4)2TiX2 have their a-H signals at higher fields than their ~-H signals, while these signals occur in reversed order for 18-electron complexes such as (CH3)4C2(C5H4)2 Ti-(CO)2' (CH3)4CzCC5H4)2Ti(P(CH3)3)2 and (CH3)4C2-(C5H4)2Cr(CO) [16] .
Nuclear Overhouser effect (NOE) studies on complexes 3 and 7 show that irradiation at the CH 3 resonance of the tetramethylethano bridge selectively enhances the intensity of the low-field pseudotriplet by about 20%. In both these complexes, the a-H signals thus do indeed occur at lower field than the ~-H signals (Table 3) , as expected for 18-electron species of this type. (For (CH3)4CzCC5H4)2ZrCI2 in CDCI 3 , we find a-H (6.16 pm) and ~-H signals (6.67 pm) in the same order as those for (CH3)4C2(C5H4)2TiCI2.) The tetramethylethano-bridged zirconocene oxidiacetate complex (CH3)4C2(C5H4)2Zr(OXIDA), 10, prepared from (CH3)4C2(C5H4)2Zr(CH3)2 and oxidiacetate acid, has its a-H signal (5.77 pm) likewise, albeit just barely, at lower field than its ~-H signal (5.73 pm) in C6D6 solution. (The corresponding values in CDCl 3 are 6.17 and 6.14 ppm. The difference between a-and ~-H atom shifts in 16-electron species of the type (CH3)4C2(C5H4)2MX2 is substantially larger in C6D6 than in CDCI 3 , probably due to some residual binding of solvent molecules. For the 18-electron species considered here, very similar chemical shift differences are 
Reactivity studies
Complexes 1-9 all proved to be stable towards water. No decomposition of these complexes was noticed when the side product triethylammonium chloride (method B) was removed by washing either the solid complexes or their CHCl 3 solutions with water. All the complexes studied could be chromatographed on silica-gel thin-layer plates without noticeable decomposition. The dipicolinate complexes 3 and 4 were also purified by chromatography on a silica-gel column, from which they were recovered by elution with acetone and with diethyl ether/acetone (5: 1), respectively, in 40-50% yield. The largely reversible adsorption on activated silica gel attests to the considerable inertness of these complexes. Normally, (C 5 H 5 )zZrX Ztype species are completely immobilized on silica gel, presumably due to an exchange of their X ligands by surface-hydroxyl groups. Only in rare instances have zirconocene complexes previously been found to be robust enough for elution from a silica-gel column [17] .
Exposure of complexes 1-9 to concentrated HCl in a biphasic CHCl 3 / aqueous reaction system leads to their reconversion into the corresponding dichlorides. This process is quite slow for the dipicolinate complexes 1-5, for which it requires 3-4 days. For complexes 6-9, the reaction is complete in less than 1 h.
Finally, we have studied the reactions of complexes 1-9 towards metal alkyl species, as indicated in eqn.
(1). No reaction with CH3Li in diethyl ether was apparent for the dipicolinate complexes 1-5, presumably due to their low solubility in this solvent.
With CH 3 MgCI in THF however, complexes 1-5 undergo an immediate reaction at room temperature with formation of an orange precipitate. The supernatant, colourless solution does not contain any dimethyl (or any other) zirconocene complex. Treatment of the orange precipitate with CH z Cl z /2 M aqueous HCI causes immediate formation of the corresponding zirconocene dichloride. The organic reaction product is identified as 2,6-diacetylpyridine by 1 H NMR and mass spectra. Obviously, the methyl group of the Grignard reagent attacks these complexes at their carboxyl groups rather than at their Zr centre (Scheme 2). The insoluble orange intermediate is therefore likely to be the gem-diolate complex 11. The anionic oxygen in the latter is obviously much more susceptible to proto- In contrast, the dicarboxylate complexes 6-10 react with CH 3 MgCI in THF with rapid formation of the corresponding zirconocene dimethyl derivatives, as is normally observed for (C 5 H 5 )zZrX Z -type zirconocenes (eqn. (1». (In this case, 1 H NMR spectra indicate that the organic product is a mixture of the furandicarboxylate and the corresponding mono-and di-acetyl derivatives.) The Zr centres in these complexes are obviously readily accessible to nucleophilic attack, despite their pentacoordinate geometry. Probably, dissociation of one of the oxygen ligand atoms occurs readily enough in complexes 6-10 to allow for ligand exchange reactions to proceed without noticeable retardation. The more rigid structure of a dipicolinate complex, on the other hand, appears to reduce the rate of dissociation of its ligand atoms sufficiently to suppress any SN1-type substitution at the Zr centre. (The dianions of uncomplexed dipicolinate and dimethoxyfuran dicarboxylate appear to be about equally reactive toward CH 3 MgCI, as indicated by a direct competition study. For reactions of carboxylates with Grignard reagents, cf. ref. 18 .)
The inertness of zirconocene dipicolinate complexes toward ligand substitutions at the Zr centre, in combination with the reactivity of their carboxyl groups toward CH 3 MgCI and the facile removability of the ensuing diacetylpyridine fragment, suggests that dipicolinate ligands might be useful as protective groups in zirconocene chemistry.
Experimental details
All syntheses were performed under anhydrous conditions in a dry argon atmosphere, on a vacuum line or by Schlenk techniques; since some of the products appeared to be light-sensitive, light was excluded wherever possible. Solvents were purified by standard meth-ods and freshly distilled under argon before use. The starting materials (CsHs)2ZrCI2 [19] , (CSHS)2Zr(CH3)2 [20] , (CH3CsH4)2ZrCI2 [21] , (CH3CsH4)2Zr(CH3)2 [22] , (CH3)4C2(CsH4)2ZrCI2 [23] , rac-C 2 H 4 (4,5,6,7-tetrahydroindenyl)2 ZrCl 2 [24] , rac-C 2 H 4(4,5,6,7 -tetrahydroindenyl)2Zr(CH3)2 [25] , (CH3)2Si(4-lbutyl-2-methylCsH 2)2 ZrCI 2 [26] and 3,4-dimethoxyfuran-2,5-dicarboxylic acid [27] were obtained by published procedures.
(CH3)4C/C5H4)2Zr(CH3)2
Following the procedure described for (CSHS)2Zr (CH 3 )2 [20] , (CH3)4C2 (CsH4) 
Preparation of the dicarboxylate complexes 1-9
The two methods (A and B) used for these preparations are described below for (CsHs)2Zr(DIPIC) as an example. For the remaining complexes, only deviations from this standard procedure are reported.
(C5H5)2Zr(DIPIC) (1)
Method A: Solid dipicolinic acid (1.67 g, 10 mmol) was added to a stirred solution of (CSHS)2Zr(CH3)2 (2.51 g, 10 mmol) in 50 ml of THF at room temperature; this caused evolution of CH 4 . After overnight stirring, the precipitate was collected on a fritted disc, washed with 20 ml of THF, and dried in vacuo. After recrystallization from methanol, 1 was isolated in 80% yield (3.11 g, 8.05 mmol).
Method B: A mixture of (CsHs)2ZrCI2 (2.92 g, 10 mmol) and dipicolinic acid (1.67 g, 10 mmol) in 150 ml of toluene was stirred and heated to 70°C. A solution of triethylamine (2.8 ml, 20 mmol) in 50 ml of toluene was slowly added to the suspension during 1 h. After 5 h stirring at 70°C the mixture was allowed to cool to room temperature, stirred for another 12 h, and then evaporated to dryness. The residue was taken up in 100 ml of water, the remaining solid filtered off, washed twice with 50 ml of water, and recrystallized from methanol to yield 2. 
(CH3C5H4)2Zr(DIPIC) (2)
Starting from (CH3CsH4)2Zr(CH3)2 (2.34 g, 8.4 mmol) and dipicolinic acid (1.4 g, 8.4 mmol) in 60 ml of THF, method A gave 2.72 g of raw product, whiCh was purified by extraction with toluene for 24 h in a Soxhlet extractor. Evaporation of the extract gave 1.0 g of 2 (2.44 mmol, 30% of theory) as a colourless powder. Alternatively, 200 mg of the raw product were dissolved in methanol and purified by chromatography on a silica gel column (2 cm diameter, 15 cm high) with acetone as eluent to yield 100 mg (0.24 mmol, 50% recovery) of 2 as a colourless solid. Method B, after crystallization from methanol, gave 2 in 82% theoretical yield. 1 
(CH3)4C/C5H4)2Zr(DIPIC) (3)
From (CH3)4C2(CsH4)2Zr(CH3)2 (0.79 g, 2.4 mmol) and dipicolinic acid (0.4 g, 2.4 mmol), 0.84 g of colourless (CH3)4C2(CsH4)2ZrDIPIC (1.8 mmol, 75% of theory) are obtained, after recrystallization from methanol, by method A. In method B, the raw product obtained after evaporation of toluene was taken up in CHCl 3 and water and extracted with CHCI 3 . The combined CHCl 3 extracts were dried over anhydrous sodium sulfate and evaporated to dryness. After recrystallization from methanol, 1.44 g of 3 (3.1 mmol, 62% of theory) were obtained as colourless needles (4) Starting from rac-C 2 H 4 (4,5,6,7-tetrahydroindenyl)2-Zr(CH 3 )2 and dipicolinic acid, method A, after recrystallization from methanol, yielded 4 in 63% theoretical yield. In method B, the product was extracted from the solid product mixture with CH 2 Cl 2 and recrystallized from methanol to give 4 in 38% theoretical yield. 1 (5) Starting from (CH3)2Si(4-tbutyl-2-methyIC5H2)2Zr-Cl 2 (0.37 g 0.75 mmol) and dipicolinic acid (0.126 g, 0.75 mmol), method B gave 0.28 g of raw product, from which pure 5 was obtained by chromatography on a silica-gel column with diethyl ether/acetone (5: 1 
rac-C2H/4,5,6,7-tetrahydroindenyl)2Zr(DIPIC)
rac-(CH3)2Si(4-'Butyl-2-MethyIC5H2)2Zr(DIPIC)
3.B. [(CH3C5H4)2Zr(DIFUR)]2 (6)
In method A, from 3,4-dimethoxyfuran-2,5-dicarboxylic acid (2.06 g, 9.5 mmol) and (CH3C5H4)2Zr (CH3) 
[(CH3)4ClC5H4)2Zr(DIFUR)]2 (7)
In method A, from 3,4-dimethoxyfuran-2,5-dicarboxylic acid and (CH3)4C2(C5H4)2Zr(CH3)2' 7 was obtained, after recrystallization from methanol, in 62% theoretical yield. Method B gave 7 in 57% of theory. 
rac-{ C 2Hi 4,5,6, 7-tetrahydroindenyl)2Zr(DI-FUR)J2 (8)
Starting from rac-C 2 H 4 (4,5,6,7-tetrahydroindenyl)r ZrCl 2 (0.55 g, 1.3 mmol) and 3,4-dimethoxyfuran-2,5-dicarboxylic acid (0.28 g, 1.3 mmol) (9) From isophthalic acid (1.56 g, 9.4 mmoI) and (CH3CsH4)2Zr(CH3)2 (2.62 g, 9.4 mmoI) complex 9 was obtained by method A, after diffusion-induced crystallization from pentene/CH 2 CI 2 , in a theoretical yield of 28% (1.07 g, 1.3 mmoI). (1) 2501 (2) 1302 (1) 2773 (2) 35 (1) 0(1) 1655 (2) 456 (1) 1425 (2) 41 (1) 0(2) 3376 (3) -34(1) 3021 (2) 62 (1) 0(3) 821 (2) 2013 (1) 1322 (2) 43 (1) 0(4) 1974 (3) 2653 (1) 2808 (3) 71(1) C (1) 1875 (5) 1711(1) -1659(3) 61(1) C (2) 3103 (4) 1346 (2) -1094(3) 60(1) C (3) 2465 (5) 854(1) -1442(3) 66(1) C (4) 860 (5) 900 (2) -2100(3) 72(1) C (5) 451 (4) 1432 ( (11) 2112 (7) 2282(2) -1702(6) 141(3) C (12) -1260 (5) 522 (2) 3810 (3) 78(1) C (13) 3276 (3) 881 (1) 3432 (2) 38(1) C (14) 4407 (3) 928 (1) 4755 (3) 46(1) C (15) 4730 (3) 1416 (1) 5366 (3) 50(1) C (16) 3939 (3) 1855 (1) 4674 (3) 47(1) C (17) 2804 (3) 1776 (1) 3350 (3) 40(1) C (18) 2772 (3) 383 (1) 2593 (3) 40(1) C (19) 1816 (3) 2193 (1) 2459 (3) 44 (1) a Equivalent isotropic U defined as one-third of the trace of the orthogonalized U;j tensor. (1) 8012 (7) -2722 (8) 7109 (4) 42 (2) C (2) 6681 (6) -1883 (8) 7081 (4) 38(2) C (3) 6511 (6) -1492 (8) 7964 (3) 36(2) C (4) 5220 (6) -690 (9) 8314 (4) 52(2) C (5) 5245 (8) -1119 (16) 9285 (5) 97(4) C (6) 6602 (8) -1243 (15) 9874 (4) 92 (4) cm 7921 (7) -2071 (9) 9582 (4) 48 (2) C (8) 7766 (7) -2108 (8) 8563 (4) 35(2) C (9) 8707 (6) -2895 (7) 8045 (3) 38(2) C (10) 10189 (6) -3699 (8) 8383 (4) 48 (2) C (l1) 11375 (7) -3137 (8) 7844 (5) 52 (2) C (12) 11340 (8) -1341 (10) 7754 (5) 38(2) C (13) 11332 (5) -214 (10) 8448 (3) 38 (2) C (14) 11283 (7) 1355 (10) 8069 (5) 38 (2) C (15) 11243 (6) 1190 (8) 7144 (5) 33 (2) C (16) 11284 (7) 2493 (8) 6437 (4) 47 (2) C (17) 11990 (8) 1764 (10) 5649 (4) 59 (2) C (18) 11206 (7) 261 (11) 5284 (4) 60(3) C (19) 11357 (7) -1080 (9) 5999 (4) 48 (2) C (20) 11256 (6) -453 (7) 6928 (4) 33 (2) 0(1) 8555 (4) 1312 (6) 8785 (2) 39(1) C (21) 7749 (7) 2584 (8) 8824 (4) 38 (2) 0(21) 7643 (5) 3341 (7) 9512 (3) 62(2) C (22) 6898 (5) 3091 (7) 7918 (3) 36 (2) C (23) 5826 (6) 4286 (8) 7763 (4) 45 (2) C (24) 5139 (7) 4595 (7) 6867 (5) 53(2) C (25) 5540 (6) 3682 (8) 6178 (4) 45(2) C (26) 6596 (6) 2496 (7) 6377(3) 36(2) C (27) 7145 (5) 1359 (7) 5720 (3) 35(2) 0 (27) 6598 (5) 1379 ( a Equivalent isotropic U defined as one-third of the trace of the orthogonalized U;j tensor.
[(CH3C5H4)2Zr(IPHTH)]2
(CH3)4CiC5H4)2Zr(OXIDA) (10)
From ( 
Reaction of (CH3C5H4)2Zr(DIPIC) with (CH 3 )-MgCl
To a stirred suspension of (CH3CsH4)2Zr(DIPIC) (0.98 g, 2.4 mmoI) in 90 ml of THF, 4 ml of a 2.5 M solution of (CH 3 )MgCI in THF (9.7 mmoI) were slowly added; this caused a change in colour from colourless to orange. After overnight stirring, the solution was evaporated to dryness and the residue extracted with pentane. The extract contained no (CH3CsH4)2Zr (CH 3 )2 eH NMR in C 6 D 6 ). The residual solid was shaken with a mixture of 50 ml of CH 2 Cl 2 and 10 ml of 203 2 M aqueous HCI. The CH 2 Cl 2 extract was dried over by slow evaporation of methanol and chloroform solu-C(4) 1412 (6) 2907 (10) 1270 (5) 70 (3) tions, respectively, crystals of 4 and 9 by diffusion-in-C(5) 1583 (7) 4165 (9) 860 (5) 72 (4) duced crystallization from methanol! ether and pen-C(6) 1317 (10) 4865 (13) -630(7) 141(7) C (7) 3467 (14) -540 (11) 1003 (8) 121 (7) tane/CH 2 CI 2 , respectively. Space group determina-C(8) 4533 (10) 146 (12) 1083 (8) 93 (5) tion, diffraction data collection and solution and re-C(9) 4855 (11) 956 (15) 1815 (10) 135 (7) finement of the structures were conducted as summa-C(10) 4046 (14) 756 (15) 2128 (9) 137(8) C (11) 3146 (10) -113 (12) 1660 (8) 93 (5) C (12) 2932 (16) -1403 (20) 377 (9) 299(15) C (13) 4555 (6) 4599 (8) 2259 (4) 55 (3) For the crystals of 4, for which the non-centrosym-C(1*) 1537(6) -1207 (8) 6053 (7) 67 (5) metric space group P2 1 was determined, we find that C(1) 3249 (6) 3050 (8) 890 (8) 55(5) C (2) 2586 (7) 3341 (7) -3 (8) 56 (5) the enantiomer represented in Fig. 1 and Table 6 C (3) 1751 (8) 3363 (9) 56 (11) 87 (7) refines to a slightly lower value of Rw = 0.037 than its C(4) 1896 (9) 3118 (10) 1006 (12) 95 (9) mirror image (Rw = 0.038). A Rogers ' 7] -value of 1.29 C(5) 2800 (8) 2903 (8) 1516 (8) 75 (6) ± 0.26 obtained by this refinement supports the pres-C(6) 4245 (6) 2972 (10) 1161 (8) 66 (5) ence of the enantiomer indicated [28, 29] .
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